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(57) ABSTRACT 

A one-pot polymerization process of preparing long chain 
branching polymers is provided. Also described is a “T” 
reagent that serves as a link betWeen main and side chains of 
an inventive long chain branching polymer. A “T” reagent has 
at least tWo functionalities, serving as both co-monomer and 
chain transfer reaction agent. Optionally, a copolymerization 
reaction betWeen an alpha-ole?n and “T” reagent takes place 
initially to incorporate some “T” molecules in the polyole?n 
main chain, and the incorporated “T” units then behave as 
chain transfer agents for reacting With the propagating poly 
ole?n chains to form side chains. In a particular embodiment, 
a polymerization process for preparing long chain branching 
polyethylene (LCBPE) and long chain branching polypropy 
lene (LCBPP) is detailed. 
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ONE-POT PROCESS AND REAGENTS FOR 
PREPARING LONG CHAIN BRANCHED 

POLYMERS 

REFERENCE TO RELATED APPLICATION 

This application claims priority of US. Provisional Patent 
Application Ser. No. 60/584,838, ?led Jul. 1, 2004, Which is 
incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 

The invention relates to long chain branching polymers, 
methods and reagents useful in the synthesis thereof. In one 
embodiment, the invention relates to a one-pot polymeriza 
tion process of preparing long chain branching polyole?ns 
including long chain branching polypropylene. 

BACKGROUND OF THE INVENTION 

A long chain branching (LCB) polymer is a polymer con 
taining one or more side chain branches Whose length is 
comparable to or longer than a critical entanglement length. 
Compared With a linear polymer having the same molecular 
Weight, a long chain branched polymer shoWs high shear 
sensitivity, Zero shear viscosity, melt elasticity, and high 
impact strength (Graessley, Acc. Chem. Res. 1977, 10, 332; 
Bersted, et al. J. Applied Polym. Sci. 1981, 26, 1001; 
Roovers, Macromolecules 1991, 24, 5895). LCB polymers 
exhibit higher viscosities at loW shear rates and loWer viscosi 
ties at high shear rates. Shear thinning is advantageous in 
polymer processing, such as under high shear conditions. 
Further, high melt strength, that is, increasing resistance to 
stretching during elongation of the molten material, is a desir 
able mechanical property Which is important in thermoform 
ing, extrusion coating, and bloW molding processes involving 
predominately elongational ?oWs. 

Polyole?ns produced With single-site catalysts, such as 
metallocene and non-metallocene catalyst systems, generally 
have relatively narroW molecular Weight distribution charac 
teriZed by a polydispersity index of about 2. This narroW 
distribution leads to superior mechanical properties, but 
Worsens processibility because of the lack of shear thinning. 
On the other hand, polyole?ns produced With traditional Zie 
gler-Natta catalysts, Which contain multiple active sites, shoW 
broad molecular Weight distribution With good processibility 
characteristics, such as shear thinning, but With undesirable 
mechanical properties. 

Polypropylene is a commonly used polyole?n, nearly 
ubiquitous in modern industrial use. Polypropylene is par 
ticularly desirable as a high quality plastic because it can be 
puri?ed to a high degree and it is resistant to microbial 
groWth, making it an excellent material for use in medical 
applications and in the semiconductor industry. Further, as a 
lightWeight, chemical and heat resistant material, polypropy 
lene is useful in manufacture of diverse packaging materials, 
textiles and consumer items. HoWever, commercial polypro 
pylene (PP) products, normally isotactic, semi-crystalline 
thermoplastics, prepared by Ziegler-Natta or metallocene 
catalysts, have a predominantly linear molecular structure. 
Although linear PP polymers have many desirable physical 
properties, they shoW a variety of melt processing shortcom 
ings, especially the metallocene-prepared ones having nar 
roW molecular Weight distributions. The loW melt strength 
causes local thinning in melt thermoforming, relative Weak 
ness in large-part bloW molding, the onset of edge Weave 
during high speed extrusion coating of paper or other sub 
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2 
strates, and How instabilities in coextrusion of laminate struc 
tures. As a result, PP has been limited in some end-use fabri 
cations, for example, extrusion coating, bloW molding, pro?le 
extrusion, and thermoforming. 
One Way to improve the processing de?ciency of such 

polymers is to introduce long chain branches to polymers. 
HoWever, there are a number of problems remaining to be 
overcome in this area. For example, an in situ, or one-pot, 
process for LCB polymer synthesis is desirable to address 
economic and environmental concerns regarding polymer 
synthesis. 

Furthermore, despite intense interest and many research 
attempts, so far there is no commercially viable process for 
preparing long chain branched polypropylene (LCBPP). 

In a direct polymeriZation process, one major dif?culty of 
in situ preparing LCBPP polymers is due to the complicated 
PP macromonomer structures. There are tWo possible mono 

mer insertion modes (including 1,2- and 2,1-insertions) and 
multiple chain termination mechanisms that can lead to 
polypropylene With various chain ends (Weng, et al. Macro 
mol. Rapid Commun. 2000, 21, 1103), While only the vinyl 
chain end is effective for LCB formation. Furthermore, the 
preparation of the most important isotactic polypropylene 
requires iso-speci?c catalysts, such as rac-Me2Si[2-Me-4-Ph 
(Ind)] 2ZrCl2/ MAO, Which have limited special opening at the 
active site for incorporating macromonomers. Therefore, it is 
extremely dif?cult to ?nd a catalyst system that can accom 
modate all the requirements, namely in situ formation of a 
signi?cant amount of vinyl-terminated PP macromonomers 
and further incorporation of macromonomers into LCBPP 
structure. 

In addition, under some reaction conditions, a small por 
tion of the incorporated diole?n units might engage double 
enchainment, and the increase of cross-over structures in the 
polymer results in unprocessible (crosslinked) polymer net 
Work. 

Thus, there is a continuing need for LCB polymers as Well 
as methods and reagents for use in their synthesis. 

SUMMARY OF THE INVENTION 

A process for forming a long chain branching polymer is 
provided Wherein the polymer has the formula: 

(III) 
R 

Where each R is independently H or a C1-C30 substituted or 

unsubstituted, linear, branched, or cyclic alkyl or aryl moiety, 
n is an integer betWeen 500 and 100,000, inclusive, m is an 
integer betWeen 100 and 50,000, inclusive, X‘ is a residue of 
a moiety X, Where X is a terminal vinyl or norbornene group 
reactive under polymerization conditions, Y is a chain trans 
fer agent, Y' is a residue ofY, R1 is a C0 to C10 substituted or 
unsubstituted, linear, branched, or cyclic alkyl or aryl, q is an 
integer in the range from 1-500, inclusive, and p is an integer 
in the range from 0-1 ,000, inclusive. 
An inventive process includes providing an alpha-ole?n 

monomer and a “T” reagent. A “T” reagent has the formula: 
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XiRliY, Where X is a terminal vinyl or norbornene group 
reactive under polymerization conditions, R1 is C0 to C10 
substituted or unsubstituted, linear, branched, or cyclic alkyl 
or aryl, andY is a chain transfer agent. An inventive process 
further includes providing a catalyst and mixing the ole?n 
monomer, the “T” reagent, and the catalyst in a container to 
yield a reaction mixture. The reaction mixture is alloWed to 
react under polymerization conditions for a period of time 
suf?cient to form a long chain branching polymer. 

Preferably an inventive synthetic process is an in situ (one 
pot) process, carried out in a single vessel. 

In one example, Y is a chain transfer agent including a 
moiety such as a styrene, an alkylbenzene, an organoborane, 
an organosilane, an alkylaluminum, an alkylzinc, or a 
thiophene moiety. 

Exemplary “T” reagents include p-(3-butenyl)styrene/hy 
drogen, p-(ethylnorborenyl)styrene/hydrogen, 5-hexenyla 
lkylboron hydride, ethylnorborenylalkylboron hydride, 
5-hexenyldialkylsilicon hydride, and ethylnorborenyl 
dialkylsilicone hydride. 

Optionally, the reaction mixture further comprises a dilu 
ent, such as an aliphatic hydrocarbon, an aromatic hydrocar 
bon or a combination thereof. 

An inventive process may further include a graft polymer 
ization reaction of an inventive long chain branching polymer 
and a monomer to yield an inventive graft polymer. Such a 
graft polymerization reaction may include a graft-from, a 
graft-onto or a graft-through polymerization reaction. 
An inventive process optionally further includes a cross 

linking reaction of the long chain branching polymer to yield 
a cross-linked polymer and a functionalization reaction of the 
long chain branching polymer to yield a polymer having a 
pendant functional group. 

Further provided is an inventive long chain branching poly 
mer having the formula: 

(III) 

Where each R is independently H or a C1-C30 substituted or 
unsubstituted, linear, branched, or cyclic alkyl or aryl moiety, 
n is an integer betWeen 500 and 100,000, inclusive, m is an 
integer betWeen 100 and 50,000, inclusive, X' is a residue of 
a moiety X, Where X is a terminal vinyl or norbomene group 
reactive under polymerization conditions, Y is a chain trans 
fer agent, Y' is a residue ofY, R1 is a C0 to C10 substituted or 
unsubstituted, linear, branched, or cyclic alkyl or aryl, q is an 
integer in the range from 1-500, inclusive, and p is an integer 
in the range from 0-1 ,000, inclusive. 

In one embodiment, the long chain branching polymer is a 
long chain branched polyethylene. In a further example, the 
long chain branching polymer is a long chain branched 
polypropylene. 
An inventive long chain branching polymer has any of the 

knoWn stereo-structures: atactic, syndiotactic, isotactic, 
hemiisotactic and isotactic stereoblock. In a particular 
embodiment, an isotactic long chain branching polymer is 
preferred, particularly an isotactic long chain branching 
polypropylene. 
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4 
Also provided is a long chain branched polypropylene has 

a melting temperature higher than 1400 C. 
Use of a dual function “T” reagent for use in polymer 

synthesis is detailed Which has the formula: XiRliY, 
Where X is a terminal vinyl or norbomene group reactive 
under polymerization conditions, R1 is C0 to C10 substituted 
or unsubstituted, linear, branched, or cyclic alkyl or aryl moi 
ety, andY is a chain transfer agent. 

Further described is a process of synthesizing a long-chain 
branching ole?n polymer including providing an ole?n 
monomer, providing a T reagent having the formula: 
XiRliY, Where X is a terminal vinyl or norbomene group, 
R1 is a C0-C10 linear, branched, or cyclic alkyl or aryl and 
Where Y is a chain transfer agent; and co-polymerizing the 
ole?n monomer and the T reagent. Preferably an inventive 
synthetic process is carried out in a single vessel Without 
removing the reactants therefrom prior to the polymerization. 
Optionally, polymerization is initiated by a catalyst, prefer 
ably a transition metal coordination. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a typical 1H NMR spectrum of LCBPP poly 
mer (Sample 3); 

FIG. 2 shoWs superimposed molecular Weight distributions 
and Mark-HouWink plots for three control linear polymers, 
including (a) PP homopolymer, (b) poly(propylene-co-bute 
nylbenzene), and (c) butylstyrene-terminated PP, prepared by 
rac-Me2Si[2-Me-4-Ph(Ind)]2ZrCl2/MAO, and a Mark-Hou 
Wink plot for a standard linear PP polymer; 

FIG. 3 shoWs a superimposed molecular Weight distribu 
tions of four LCBPP polymers, including (a) Sample 1, (b) 
sample 2, (c) sample 3, and (d) samples 6; 

FIG. 4 shoWs a superimposed molecular Weight distribu 
tions of three LCBPP polymers, including (a) Sample 7, (b) 
sample 8, and (c) sample 9; and 

FIG. 5 shoWs a comparison of GPC curves and Mark 
HouWinkplots betWeen (a) a LCBPP polymer (Sample 5) and 
three linear PP polymers from (b) Example 2, (c) Example 3, 
and (d) a commercial PP standard. 

DETAILED DESCRIPTION OF THE INVENTION 

A long chain branching (LCB) polymer is a polymer con 
taining one or more side chain branches Whose length is 
comparable to or longer than a critical entanglement length. 
Long chain branching (LCB) polyole?ns have signi?cant 
advantages in industrial applications, providing shear thin 
ning, an advantage in polymer processing, and high melt 
strength, important in thermoforming, extrusion coating, and 
bloW molding processes among others. 
Long chain branching (LCB) polyole?n compositions and 

methods for their synthesis are provided according to the 
present invention. Further, an inventive “T” reagent for use in 
the synthesis of a long chain branching polymer is detailed. A 
polymerization of the present invention is facilitated by the 
use of a novel reagent referred to as a “T” reagent. The reagent 
co-polymerizes With an ole?n monomer. In addition, the “T” 
reagent functions to promote chain transfer insofar as it 
includes a reactive portion Which functions as a chain transfer 
reagent and Which causes branching of the polymer chain. 
The present invention is directed to methods of polymeriza 
tion utilizing the reagent, as Well as to the novel reagent itself, 
and to novel polymers prepared according to the present 
invention. 
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The present invention discloses a polymerization process 
for preparing long chain branching (LCB) polyole?ns that 
contain a main chain and one or more side chains. Optionally 

and preferably, an inventive method is an in situ (one-pot) 
polymerization process. The resulting LCB polymers are pro 
cessible in melt or solution and exhibit shear thinning and 
high melt strength. 

Equation 1 illustrates a general reaction scheme for syn 
thesis of an inventive LCB polyole?n (III) by an inventive 
method. 

In the embodiment of an inventive process illustrated in Equa 
tion 1, an ole?n monomer and a “T” reagent (I) are combined 

and reacted in the presence of a catalyst to yield an LCB 
polyole?n (III). The in situ process of forming an LCB poly 
ole?n structure speci?cally utilizes a novel “T” reagent, 
Which serves as both co-monomer and chain transfer agent in 

the synthesis. The incorporated “T” reagent units are junction 
points betWeen polyole?n main and side chains in an inven 
tive LCB polymer. X' andY' shoWn in the polymer composi 
tion (III) are the residues of X andY respectively, folloWing 
polymer synthesis. 
An ole?n monomer can be any ole?n or mix of ole?ns, 

particularly an alpha-ole?n having a terminal vinyl group 
reactive under polymerization conditions. For example, an 
alpha ole?n monomer includes a linear, branched or cyclic 
aliphatic alpha-ole?n having from 2 to about 30 carbon 
atoms. A cyclic ole?n monomer includes monomers having 
more than one ring illustratively including a bicyclic mono 
mer. Exemplary preferred ole?n monomers include used to 
prepare the polyole?n main and/or side chains of LCB poly 
ole?ns include ethylene, propylene, 1-butene, 1-pentene, 
1-hexene, l-heptene, 1-octene, 1-nonene, 1-decene, 3-me 
thyl-1-butene, 4-methyl-1-pentene, 3-methyl-1-pentene, 
4-methyl-1 -hexene, 3,3-dimethyl-1 -butene, 4,4-dimethyl-1 - 
hexene, norbornene, phenylnorbomene, indanylnorbomene, 
and vinylidenenorbornene. These monomers can be used 
either singly or as a combination of tWo or more monomers. 
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6 
A “T” reagent can be represented by the folloWing formula: 

(I) 

A “T” reagent shoWn at (I) includes the moiety X Which 
includes a terminal vinyl or norbornene group. The moiety X 
in each “T” reagent is very reactive in transition metal-medi 
ated alpha-ole?n polymerization to incorporate a “T” reagent 
into a polyole?n main chain structure. R1 is CO to C10 substi 
tuted or unsubstituted, linear, branched, or cyclic alkyl or aryl. 
In a preferred embodiment, R1 is C2 to C6 substituted or 
unsubstituted, linear, branched, or cyclic alkyl or aryl, and 
most preferably R1 is C2 to C4 substituted or unsubstituted, 
linear, branched or cyclic alkyl. A “T” reagent further 
includes a moiety Y Which is a chain transfer agent. In par 
ticular, Y is a chain transfer agent Which is a reducing agent, 
capable of releasing a hydride itself or in combination With a 
separate hydride source. A separate hydride source illustra 
tively includes hydrogen. Reactive chain transfer agents are 
knoWn and include a dialkylborane, exempli?ed in Us. Pat. 
No. 6,248,837, p-methylstyrene/hydrogen, exempli?ed in 
Us. Pat. No. 6,479,600), organoborane, organosilane, alky 
laluminium, alkylzinc, and thiophene, among others. The Y 
moiety in the incorporated “T” molecule is involved in a chain 
transfer reaction With the propagating polymer side chain to 
form a linkage betWeen the side chain and polymer main 
chain through the “T” molecule in one embodiment of an 
inventive process. 

Exemplary preferred “T” reagents include: p-(3-butenyl) 
styrene/hydrogen (IV), p-(ethylnorborenyl)styrene/hydro 
gen (V), 5-hexenylalkylboron hydride (VI), ethylnorboreny 
lalkylboron hydride (VII), 5-hexenyldialkylsilicon hydride 
(VIII), ethylnorborenyldialkylsilicone hydride (IX). Their 
molecular structures are shoWn beloW. 

(1V) 
CH2: CH /H2 

(CH2)2 

CH = CH2 

(VI) 
CH2: on 

(fHZM 
R2— 1'?) 

H 

(VIII) 
CH2— on 

(fHZM 
R2— — R3 

H 
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-continued 
(V) 

(CH2)2 

cH=cH2 
(v11) 

(1X) 

in Which R2 and R3 are each independently C 1 to C 1 2 substi 
tuted or unsubstituted, linear, branched, or cyclic alkyl or aryl. 
Preferably R2 and R3 are each independently C 1 to C8 substi 
tuted or unsubstituted, linear, branched, or cyclic alkyl or aryl, 
and most preferably R2 and R3 are C1 to C6 substituted or 
unsubstituted, linear, branched, or cyclic alkyl or aryl. 

The use of hydrogen in conjunction With a “T” reagent is 
optional. It is appreciated that “T” reagents IV and V shoWn 
above are preferably used in the presence of hydrogen as 
noted in examples detailed herein. 

Catalysts useful in processes according to the invention 
include both homogeneous and heterogeneous catalyst sys 
tems, including Ziegler-Natta, metallocene, and non-metal 
locene catalysts. 
A catalyst useful in an inventive method can perform both 

a copolymeriZation of alpha-ole?n or norbomene moieties 
and a chain transfer reaction With chain transfer agent such as 
included in an inventive “T” reagent. In one embodiment, 
both functions can be performed simultaneously. 

Such a catalyst is preferably a transition metal coordination 
catalyst capable of ole?n polymerization Which may be used 
for the in situ preparation of LCB polyole?ns. Exemplary 
suitable transition metal coordination catalysts include 
homogeneous, heterogeneous, and supported single-site 
catalysts. Catalysts of this type include the active ionic com 
plex shoWn in the folloWing formula: 
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Wherein L is a ligand such as cyclopentadienyl, substituted 
cyclopentadienyl, amido, phosphido, a sterically hindering 
alpha-diimine group or the like, or a bridged ligand having a 
covalent bridging group (such as silane, methyl and dimethyl 
groups) betWeen tWo ligands; L' is selected from hydride, 
halo, alkyl, aryl, aryloxy, and alkoxy; a and b, independently, 
are 0, 1 or 2; R' is a hydride or hydrocarbon having from 1 to 
20 carbon atoms; and c is 1 or 2. M is a transition metal of 
Groups IIIB to VIIB and VIII of the Periodic Table. 
An exemplary catalyst is a Bronsted acid salt With a non 

coordinating anion. 
Particularly suitable catalysts are metallocene complexes 

of a Group IVB and VB metal, such as titanium, Zirconium 
and hafnium, With a speci?c bridged cyclopentadienyl or 
substituted cyclopentadienyl structure. 
The moiety A“ is a non-coordinating, compatible anion. 

Particularly suitable anions are those derived from methyla 
luminoxane (MAO) and borates, such as tetra(penta?uo 
rophenyl)borate and methyltri(penta?uorophenyl)borate. 
The ionic catalyst species useful in inventive methods may 

be prepared by methods knoWn in the art. For example, they 
may be prepared by combining (a) a transition metal com 
pound of the Groups IIIB to VIIB and VIII of the Periodic 
Table and (b) a compound capable of reacting With a transi 
tion metal compound to form an ionic complex. In the reac 
tion of compounds (a) and (b), the compound (a) forms a 
cation formally having a coordination number that is one less 
than its valence, and the compound (b) becomes a non-coor 
dinating, compatible anion. 
An inventive method yields a long chain branching (LCB) 

polyole?n composition having the formula (H) shoWn above 
in Equation 1 and reproduced here: 

(111) 
R 

In this formula each R is independently H or a Cl-C3O sub 
stituted or unsubstituted, linear, branched, or cyclic alkyl or 
aryl moiety. Preferably, each R is independently selected 
from H or a Cl-Cl0 substituted or unsubstituted, linear, 
branched, or cyclic alkyl or aryl moiety, and most preferably 
each R is independently selected from H or C1 to C6 substi 
tuted or unsubstituted, linear, branched, or cyclic alkyl or aryl 
moiety. The R groups in main chain and side chains can be the 
same or different. The average number of repeating ole?nic 
units (n) in the main chain is betWeen 500 and 100,000. 
Preferably, n is betWeen 800 and 10,000, and most preferably 
n is betWeen 1,000 and 5,000. The average number of repeat 
ing ole?nic units (m) in each side chain is betWeen 100 and 
50,000. Preferably, m is betWeen 150 and 10,000, and most 
preferably m is betWeen 200 and 5,000. The moiety X‘ is the 
residue of X after incorporation of the “T” reagent in a poly 
mer. TheY moiety shoWn in the polymer composition (III) is 
the Y described above as included in a “T” reagent. The 
moiety Y' shoWn in the polymer composition (III) is the 
residue of Y after a chain transfer reaction incorporating a 
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side chain. R1 is the moiety Rl described above as included in 
“T” reagent, that is, a CO to C10 substituted or unsubstituted, 
linear, branched, or cyclic alkyl or aryl. In a preferred embodi 
ment, R1 is a C2 to C6 substituted or unsubstituted, linear, 
branched, or cyclic alkyl or aryl, and most preferably R1 is a 
C2 to C4 substituted or unsubstituted, linear or branched alkyl 
moiety. The branching number (q) is at least 1, and preferably 
betWeen 2 and 50, and most preferably betWeen 2 and 20, and 
(p) can be Zero or the number up to 1,000. 

It Will be recognized by one of skill in the art that the 
schematic structure illustrating an exemplary inventive long 
chain branched polymer is not intended to be limited to a 
structure in Which the subunits repeating (n), (p), and (q) are 
present only in the order shoWn. For example, a portion of the 
repeating ole?nic units (n) may be interspersed betWeen p and 
q. 
An inventive LCB polyole?n stereo-structure can be any of 

the ?ve types of tacticity knoWn for polyole?ns, namely: 
atactic, syndiotactic, isotactic, hemiisotactic and isotactic ste 
reoblock. Polyole?n stereo-structure is controlled by the 
identity of the catalyst used. 
A speci?c example of an inventive LCB polyole?n includ 

ing polypropylene (PP) is presented at (IV'), shoWing an LCB 
polypropylene. 

An exemplary inventive long chain branched polypropy 
lene (LCBPP) produced according to an inventive process, 
has q of at least 1, and preferably betWeen 2 and 50, and most 
preferably betWeen 2 and 20. The average number of repeat 
ing propylene units in the main chain is betWeen 500 and 
100,000. Preferably, the average number of repeating propy 
lene units in the main chain is betWeen 800 and 10,000, and 
most preferably the average number of repeating propylene 
units in the main chain is betWeen 1,000 and 5,000. The 
average number of repeating propylene units in each side 
chain is betWeen 100 and 50,000, preferably betWeen 150 and 
10,000. It Will be recogniZed by one of skill in the art that the 
schematic structure illustrating an exemplary inventive long 
chain branched polypropylene is not intended to be limited to 
a structure in Which the subunits PP, p, and q are present in the 
order shoWn. For example, PP may be interspersed betWeen p 
and q. 

In a preferred embodiment, an inventive LCBPP produced 
by an inventive process has an isotactic steroregular structure. 

In a preferred embodiment, an inventive LCBPP produced 
by an inventive process has a melting temperature higher than 
1400 C. 
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In a further example, an inventive LCB polyole?n is a long 

chain branched polyethylene (LCBPE), Wherein q is at least 
1, and preferably betWeen 2 and 50, and most preferably 
betWeen 2 and 20. The average number of repeating ole?nic 
units (n) in the main chain is betWeen 500 and 100,000. 
Preferably, n is betWeen 800 and 10,000, and most preferably 
n is betWeen 1,000 and 5,000. The average number of repeat 
ing ole?nic units (m) in each side chain is betWeen 100 and 
50,000. Preferably, m is betWeen 150 and 10,000. 

Without Wishing to be bound by theory, a general reaction 
scheme of an inventive process may be represented by the 
folloWing: 

(I) 
X 

CH2=CH + R1 HTH Reagent 
| 
Y 

Copolymerizationl 

(H) 
R 

R1 
| 
Y 

R 

Chain Transfer M — (CH2 _ CH ‘)7 

(III) 
R 

each R is independently H or a C l-C3O substituted or unsub 
stituted, linear, branched, or cyclic alkyl or aryl moiety. Pref 
erably, each R is independently selected from H or a C l-C 1O 
substituted or unsubstituted, linear, branched, or cyclic alkyl 
or aryl moiety, and most preferably each R is independently 
selected from H or C l to C6 substituted or unsubstituted, 
linear, branched, or cyclic alkyl or aryl moiety. The R groups 
in main chain and side chains can be the same or different. The 
average number of repeating ole?nic units (n) in the main 
chain is betWeen 500 and 100,000. Preferably, n is betWeen 
800 and 10,000, and most preferably n is betWeen 1,000 and 
5,000. The average number of repeating ole?nic units (m) in 
each side chain is betWeen 100 and 50,000. Preferably, m is 
betWeen 150 and 10,000, and most preferably m is betWeen 
200 and 5,000. The moiety X‘ is the residue of X after incor 
poration of the “T” reagent in a polymer. TheY moiety shoWn 
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in the polymer composition (III) is theY described above as 
included in a “T” reagent. The moiety Y' shoWn in the poly 
mer composition (III) is the residue ofY after a chain transfer 
reaction incorporating a side chain. R1 is the moiety Rl 
described above as included in “T” reagent, that is, a CO to C10 
substituted or unsubstituted, linear, branched, or cyclic alkyl 
or aryl. In a preferred embodiment, R1 is a C2 to C6 substituted 
or unsubstituted, linear, branched, or cyclic alkyl or aryl, and 
most preferably R1 is a C2 to C4 substituted or unsubstituted, 
linear or branched alkyl moiety. The number (0) of “T” mol 
ecules incorporated in copolymer (II) is the sum of numbers 
(p) and (q), representing the unbranched and branched “T” 
units, respectively, in the resulting LCB polymer (III). The 
number (0) is at least 1, and preferably betWeen 2 and 100, 
and most preferably betWeen 2 and 50, q is at least 1, and 
preferably betWeen 2 and 50, and most preferably betWeen 2 
and 20, and p can be zero or the number (o-q). X is selected 
from alpha-ole?n and norborene moieties. Y is a chain trans 
fer agent, and Y' is the residue after chain transfer reaction. 
The character “M” in the above reaction is a transition metal 
of Groups IIIB to VIIB and VIII of the Periodic Table. 

In general, the polymerization reactions of the present 
invention are carried out by mixing “T” reagent With alpha 
ole?n monomer, in the presence of the catalyst and optionally 
a diluent, in a reactor, under polymerization conditions. In a 
preferred embodiment, polymerizations conditions include 
controlling the reaction temperature such that the temperature 
is betWeen about 0 and 80° C., inclusive, preferably main 
taining constant pressure, and thorough mixing. Reaction 
times range from about 30 seconds to about 24 hours. 

In a highly preferred embodiment, an inventive polymer 
ization process is an in situ (one-pot) polymerization Wherein 
the synthesis is carried out in a single vessel. 

In a particular embodiment, the polymerization may be 
carried out under batch conditions, such as in an inert gas 
atmosphere and in the substantial absence of moisture. Pref 
erably, the polymerization is carried out continuously in a 
typical continuous solution, slurry, or gas phase polymeriza 
tion process, Which is usually equipped With inlet pipes for 
monomers, catalysts and diluents, temperature sensing 
means, and an ef?uent over?oW to a holding drum or quench 
tank. The overall residence time can vary, depending upon 
such variables as catalyst activity and concentration, mono 
mer concentration, reaction temperature, monomer conver 
sion and desired molecular Weight, and generally Will be 
betWeen about thirty minutes and ?ve hours. 

Suitable diluents for the monomers, catalyst components 
and polymeric reaction products include the general group of 
aliphatic and aromatic hydrocarbons, used singly or in a 
mixture, such as propane, butane, pentane, cyclopentane, 
hexane, toluene, heptane, isooctane or the like. The processes 
of the present invention canbe carried out in the form of slurry 
of polymer formed in the diluents employed, or as a homo 
geneous solution process, depending on the alpha-ole?n 
used. The use of a slurry process is, hoWever, preferred, since 
in that case loWer viscosity mixtures are produced in the 
reactor, and slurry concentrations up to 40 Weight % of poly 
mer are possible. 

The subsequent in situ chain transfer reaction not only 
incorporates polyole?n side chains but also regenerates a 
catalytic site, such that the transition metal catalyst can main 
tain high catalyst activity. 
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In one embodiment, the chain transfer reaction may be 

performed before copolymerization. 
In accordance With another embodiment of the invention, a 

long chain branching polyole?n such as (III) can be used 
alone or physically mixed With polyole?n that has the same 
main or side chain of the long chain branching polyole?n 
(III), for instance in a polymer composition to be used in a 
manufacturing process. A small concentration of long chain 
branching polymer can greatly enhance processibility and 
melt strength of the corresponding polymer With narroW 
molecular Weight distribution. Furthermore, the long chain 
branching polyole?n (III) can be further chemically modi?ed 
by taking the advantage of the existing unbranched “T” units 
that contain several reactiveY groups. TheY groups in long 
chain branching polyole?n (III) can easily engage many reac 
tions, including crosslinking, functionalization, and graft 
reactions, under mild reaction conditions. Such reactions 
With Y do not change main and side chains in long chain 
branching polyole?n such as (III), but greatly enhance per 
formance, such as adhesion, compatibility, paintability, and 
mechanical strength. 

In one embodiment, an inventive LCB polyole?n includes 
pendant groups, preferably along the backbone, Which are 
reactive in many chemical reactions, including free radical, 
cationic, anionic and transition metal coordination reactions. 
These groups can serve as the reactive sites for selective 
crosslinking and/or functionalization reactions to produce 
functionalized LCB polymers. Furthermore, these groups can 
further serve as the monomers, initiators, chain transfer 
agents for graft reactions to produce modi?ed LCB polymer 
structures containing additional polymer side chains. The 
versatility of an inventive LCB polymer enables subsequent 
derivatization reactions providing a broad variety of LCB 
compositions and structures. 

In a particular embodiment, an inventive LCBPP polymer 
(IV') includes pendant styrene groups along the backbone 
Which are very reactive in many chemical reactions, such as 
free radical, cationic, anionic and transition metal coordina 
tion reactions. These groups can serve as the reactive sites for 
selective crosslinking and/or functionalization reactions to 
produce functionalized LCBPP polymers. Furthermore, 
these groups can further serve as the monomers, initiators, 
chain transfer agents for subsequent graft reactions to pro 
duce modi?ed LCBPP structures containing additional poly 
mer side chains. The versatility of LCBPP polymer (IV') 
enables subsequent derivatization reactions providing a broad 
variety of LCBPP compositions and structures. 

In one embodiment, crosslinking and functionalization 
reactions of an inventive LCB polymer, such as an LCBPP 
polymer (IV'), involve conventional organic ole?nic chemis 
try, Which can be run in bulk, ?nely dispersed slurry solution, 
or homogeneous polymer solution. Bulk reactions can also be 
effective in an extruder, or other internal mixer, suitably 
modi?ed to provide adequate mixing. The details of such bulk 
processes are set forth, for example, in US. Pat. No. 4,548, 
995, the disclosure of Which is incorporated herein by refer 
ence. Solution processes are advantageous in that they permit 
good mixing and an ability to control reaction conditions 
more easily. Solution processes also facilitate the removal of 
undesired by-products. Pendant functional groups in an 
LCBPP polymer are very useful in improving PP adhesion, 
paintability, and compatibility With substrates and other 
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materials. Exemplary useful pendant functional groups 
include OH, epoxy, NH2, COOH, anhydride, Cl, and Br. 

In a preferred embodiment, the pendant styrene moieties in 
LCBPP polymer (IV') serve as monomer, initiator, and chain 
transfer agents in a subsequent graft reaction With ole?nic 
monomers. The graft reactions include graft-from, graft 
onto, and graft-through processes. A pendant styrene moiety, 
resembles a styrene monomer in that they are very reactive in 

many chain polymerization reactions, including free radical, 
cationic, anionic and transition metal coordination polymer 
ization reactions. In the presence of ole?nic monomers, 
LCBPP polymer (IV') and catalyst, a graft polymerization 
reaction takes place involving the pendant styrene groups in 
the LCBPP polymer (IV') to form a graft copolymer (IX') 
containing various polymer side chains. An illustrative inven 
tive graft copolymer has the formula: 

Where in q is at least 1, and preferably betWeen 2 and 50, and 
most preferably betWeen 2 and 20, and p can be zero or the 

number betWeen 1 and 99. G is an incorporated vinyl mono 
mer unit, such as an anion-polymerizable monomer or a radi 

cal polymerizable unit. The number of repeating units (x) is 
betWeen 100 and 50,000. Preferably, x is betWeen 150 and 
10,000, and most preferably x is betWeen 200 and 5,000. The 
average number of repeating propylene units in the main 
chain is betWeen 500 and 100,000. Preferably, the number is 
betWeen 800 and 10,000, and most preferably number is 
betWeen 1,000 and 5,000. The average number of repeating 
propylene units in each side chain is betWeen 100 and 50,000. 
Preferably, the number is betWeen 150 and 10,000, and most 
preferably the number is betWeen 200 and 5,000. 

In an example of a free radical graft reaction process, a 
pendant styrene unit in an LCBPP polymer (IV') may serve as 
a monomer directly. After mixing LCBPP polymer (IV') With 
the free radical polymerizable alpha-ole?n monomer, option 
ally in a suitable diluent, the free radical initiator is introduced 
to initiate graft-onto or/ and graft-through polymerization 
reactor under conditions effective to form free radicals. Radi 
cal polymerizable monomers useful in a graft reaction 
include those Well knoWn in the art such as methyl methacry 
late, ethyl methacrylate, butyl methacrylate, octyl methacy 
late, methacrylic acid, methyl acrylate, ethyl acrylate, butyl 
acrylate, octyl acrylate, 2-hydroxyethyl acrylate, glycidyl 
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14 
acrylate, acrylic acid, maleic anhydride, vinyl acetate, acry 
lonitrile, acrylamide, vinyl chloride, vinyl ?uoride, 
vinylidenedi?uoride, tertra?uoroethylene, styrene, alpha 
methyl styrene, trimethoxyvinylsilane, triethoxyvinylsilane 
and so on. These radical polymerizable monomers can be 

used either singly or as a combination of tWo or more mono 

mers. 

In the case of an anionic graft reaction, a preferred process 
involves the conversion of pendant styrene groups to living 
anionic initiators. Such a process may include a metallation 

reaction of LCBPP polymer (IV') With alkyllithium (such as 
n-BuLi) to form a polyole?n containing pendant benzylic 
anions, as illustrated beloW. By limiting the amount of alky 
llithium added to the reaction to an amount less than Would be 

required to react With all of the divinylbenzene units in the 
LCBPP polymer (IV'), the metallation reaction betWeen sty 
rene and alkyllithium Will be quantitative. In other Words, no 
puri?cation Will be needed before adding an anion-polymer 
izable monomer to continue the living anionic graft-from 
polymerization process. Preferred anion-polymerizable 
monomers include, for example, vinyl aromatic compounds, 
such as styrene and alkyl substituted styrene, acrylamides, 
alkyl acrylates and methacrylates, and conjugated dienes, 
such as isoprene and butadiene, and their mixtures. With the 
coexistence of polymeric anions and monomers susceptible 
to anionic polymerization, living anionic polymerization 
takes place, as is described, for example, by Milkovich et al in 
Us. Pat. No. 3,786, 1 1 6. It is important to note that the anionic 

polymerization of various monomers, such as methyl meth 
acrylate, can take place at room temperature Without causing 
any detectable side reactions, Which may be associated With 
the stable benzylic anion initiator. After achieving the desired 
composition of the graft copolymer, the graft-from reaction 
can be terminated by adding a proton source, e.g., an alcohol 
such as methanol or isopropanol, or other conventional poly 

merization terminator to the reaction mass. In addition, the 
living anionic chain ends can be converted to a variety of 
functional groups by controlled termination reactions using 
any of a number of electrophiles, including ethylene oxide, 
propylene oxide, episul?des and carbon dioxide, before add 
ing the proton source. The termination reactions are very 
effective at room temperature. HoWever, an excess of termi 

nating agent usually is used to assure complete termination of 
the polymerization reaction. A Wide range of polymers, 
including random and block copolymers, With Well-de?ned 
molecular Weight and narroW molecular Weight distribution, 
can be prepared by anionic polymerization. Thus, by using 
this easily controllable living graft-from reaction technique, a 
variety of graft copolymer compositions With Well-de?ned 
side chain segments have been produced. 

An inventive process for forming an LCB polyole?n is 
further exempli?ed by the preparation of LCB isotactic 
polypropylene (LCBPP) With controlled molecular structure 
and high melting temperature (Tm~1 600 C.). An embodiment 
of an inventive in situ LCB reaction involves polymerization 
of propylene With p-(3 -butenyl) styrene using iso-speci?c rac 
Me2Si [2 -Me-4-Ph(Ind)] 2ZrCl 2/ MAO catalyst in the presence 
of hydrogen. Without Wishing to be bound by theory, a reac 
tion scheme is illustrated beloW: 
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Equation 2 

cH2=cH 
(CH2)2 

CH3 
+ 

CH2=CH 

CH=CH2 

+ 

/ 

(CH2)2 (CH2)2 

CH=CH2 (CH2)2 

1P 

wherein o is at least 1, and preferably between 2 and 100, and 
most preferably betWeen 2 and 50, and q is at least 1, and 
preferably betWeen 2 and 50, and most preferably betWeen 2 
and 20, and p can be zero or the number (o-q). The average 
number of repeating propylene units in the main chain is 
betWeen 500 and 100,000. Preferably, the number is betWeen 
800 and 10,000, and most preferably number is betWeen 
1,000 and 5,000. The average number of repeating propylene 
units in each side chain is betWeen 100 and 50,000. Prefer 
ably, the number is betWeen 150 and 10,000, and most pref 
erably the number is betWeen 200 and 5,000. 

The propagation CiZr+ site (1') formed by rac-Me2Si[2 
Me-4-Ph(1nd)]2ZrCl2/MAO can polymerize or copolymer 
izes propylene With p-(3-butenyl)styrene (at alpha-ole?n 
moiety) to form linear PP homopolymer (111') and copolymer 
containing pendant styrene units (11'), respectively. In addi 
tion, the propagating PP chain (111') is knoWn to react With 
styrene unit (With 2,1-insertion) to form a dormant species 
due to steric hindrance betWeen the active site (CiZf') and 
incoming monomer (propylene With 1,2-insertion) and the 
formation of complex betWeen the adjacent phenyl group and 
the Zr+ ion (Chung et al. U.S. Pat. No. 6,479,600). On the 
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other hand, With the presence of hydrogen, the dormant spe 
cies react With hydrogen to form LCBPP (1V') and regenerate 
HiZr+ species (1') that is capable of reinitiating the polymer 
ization of propylene and, thus, continuing polymerization 
cycle. In other Words, the ideal chain transfer reaction Will not 
signi?cantly affect the rate of polymerization, but Will pro 
duce LCBPP polymers. Both branch density and branch 
length can be conveniently controlled by p-(3-butenyl)sty 
rene/hydrogen “T” reagent (1V), higher concentration higher 
branch density and loWer branch length. 

In accordance With another embodiment of the invention, 
long chain branching polyole?n (111) can be used alone or 
physically mixed With polyole?n that has the same main or 
side chain of the long chain branching polyole?n (111). A 
small concentration of long chain branching polymer can 
greatly enhance processibility and melt strength of the corre 
sponding polymer With narroW molecular Weight distribu 
tion. Furthermore, the long chain branching polyole?n (111) 
can be further chemically modi?ed by taking the advantage of 
the existing unbranched “T” units that contain several reac 
tiveY groups. TheY groups in long chain branching polyole 
?n (111) can easily engage many reactions, including 
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crosslinking, functionaliZation, and graft reactions, under 
mild reaction conditions. Such reactions do not change main 
and side chains in long chain branching polyole?n (III), but 
greatly enhance its performance, such as adhesion, compat 
ibility, paintability, and mechanical strength. 
A number of Examples are included illustrating embodi 

ments of inventive methods and compositions. Tables 1-4 are 
included in examples beloW and summariZe a systematic 
study of in situ LCB propylene polymeriZation by using rac 
Me2 Si [2 -Me-4-Ph(Ind)] 2ZrCl 2/ MAO catalyst in the presence 
of p-(3 -butenyl)styrene/hydrogen “T” reagent. The resulting 
LCBPP polymers (IV') are compared With several control 
linear polymers, including PP homopolymer, poly(propy 
lene-co-butenylbenZene) (VII') and butylstyrene-terminated 
PP (V 111'). In general, the experimental results summariZed in 
these Tables illustrate characteristics of an illustrative inven 
tive polymer synthesiZed according to the reaction scheme 
shoWn in Equation 2, in Which most of p-(3-butenyl)styrene 
molecules are ?rst copolymeriZed With propylene Within 
short reaction time, especially in the reactions With loW p-(3 
butenyl)styrene concentrations. The resulting PP copolymer 
containing some pendant styrene units is then subsequently 
involved chain transfer reaction (in situ branching reaction) in 
the presence of hydrogen. 

Introduction of hydrogen plays an important role in this 
particular embodiment of an LCB reaction. In one experi 
ment, a small amount of p-(3-butenyl)styrene completely 
stopped the polymeriZation of propylene. The introduction of 
hydrogen restored the catalyst activity. Hydrogen is an impor 
tant factor in completing the chain transfer cycle during the 
long chain branching reaction. Comparing all runs in Tables 
1-4 by altering p-(3 -butenyl)styrene concentration, it is 
observed that the higher the concentration of the p-(3 -bute 
nyl)styrene, the higher the hydrogen pressure required, and 
the higher the incorporated p-(3 -butenyl)styrene units in the 
resulting PP polymer. 

The folloWing examples are illustrative of the invention: 

EXAMPLE 1 

LCB polymers are synthesiZed according to inventive pro 
cesses, then Weighed and analyZed by a combination of ana 
lytic methods, including nuclear magnetic resonance (N MR), 
differential scanning calorimetry (DSC) and gel permeation 
chromatography With three detectors (GPC-triple detectors), 
including re?ection index, light scattering, and intrinsic vis 
cosity, to determine the monomer conversion, polymer com 
position, thermal transition temperature, molecular Weight, 
and LCB molecular structure as described in more detail 

beloW. For comparison, some control linear polymers are also 
prepared and examined, they are prepared under the same 
reaction conditions except using tWo modi?ed single-func 
tion “T” reagents that contain either X orY functionality to 
prepare the corresponding main chain and side chain, respec 
tively, of LCB polyole?n. 

These tWo control reactions, using butenylbenZene (V ') 
and p-butylstyrene (VI') to replace p-(3-butenyl)styrene/hy 
drogen “T” reagent (IV), are carried out under the same 
reaction conditions as used for LCB polymer synthesis for 
comparison, as illustrated beloW. 
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CH3 CH2: CH 
CH2: CH t $H2 

CH2 

(V') 

rac—Me2Si[2—Me—4—h(Ind)]2ZrCl2/ 
MAO 

— PP — CH2 — CH — 

THZ 
CH2 

(VII') 

CH3 CH;: CH 

CH2= CH + 

(CH2)3 

CH3 

(VI') 

(VIII') 

These tWo control reactions and their products provide 
important information of the effects of each moieties (alpha 
ole?n and styrene) in p-(3-butenyl)styrene/hydrogen “T” 

reagent (IV) to the rac-Me2Si[2-Me-4-Ph(Ind)]2ZrCl2/MAO 
mediated propylene polymeriZation. The resulting tWo linear 
isotactic PP polymers, including poly(propylene-co-butenyl 
benZene) (VII') and butylstyrene-terminated PP (V 111'), 
resemble main chain and side chains, respectively, of a cor 

responding LCBPP polymer (IV'). 
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EXAMPLE 2 

Control Reaction liCopolymerization of propylene 
and butenylbenzene Using a rac-Me2Si[2-Me4-Ph 

(Ind)]2ZrCl2/MAO Catalyst 

A control reaction is conducted to examine the copolymer 
ization activity betWeen propylene and butenylbenzene (V ') 
using rac-Me2Si[2-Me-4-Ph(Ind)]2ZrCl2/MAO catalyst sys 
tem to form linear propylene/butenylbenzene copolymer 
(VII'). In a dry box, 50 ml oftoluene and 1.5 ml of MAO (30 
Wt % in toluene) are charged into a parr 450 ml stainless 
autoclave equipped With a mechanical stirrer. After removal 
from the box, the reactor is injected With 1 ml of butenylben 
zene before charging 100 psi propylene to saturate the toluene 
solution at ambient temperature. About 1.25><10_6 mole of 

rac-Me2Si[2-Me-4-Ph(Ind)] 2ZrCl2 in toluene solution is then 
syringed into the reactor to start the copolymerization reac 
tion. After 3 minutes, this batch slurry polymerization is 
terminated by adding 100 ml of dilute HCl solution in metha 
nol. The resulting PP copolymer (V II') is further Washed With 
methanol, and then vacuum-dried at 50° C. Catalytic activity 
is 87,500 kg ofPP/mol ofZr.h., Which is similar to 93,000 kg 
of PP/mol of Zr.h. of the corresponding propylene homopo 
lymerization using the same rac-Me2Si[2-Me-4-Ph(Ind)] 
2ZrCl2/MAO catalyst. 1H NMR spectrum indicates about 1.6 
mol % of butenylbenzene units incorporated in the resulting 
PP copolymer. The linearity of polymer structure examined 
by GPC-triple detectors is discussed beloW in other examples. 

EXAMPLE 3 

Control Reaction 24Chain Transfer Reaction in 

rac-Me2Si[2-Me-4-Ph(Ind)]2ZrCl2/MAO Mediated 
propylene polymerization using a p-butylstyrene 

(V I')/H2 Chain Transfer Agent 

In a dry box, 50 ml oftoluene and 1.5 ml ofMAO (30 Wt % 
in toluene) are charged into a parr 450 ml stainless autoclave 
equipped With a mechanical stirrer. After removal from the 
box, the reactor is purged With hydrogen (20 psi) before 
injecting 0.5 ml of p-butylstyrene. The reactor is then charged 
With 100 psi propylene to saturate the toluene solution at 
ambient temperature and to increase the total pressure in the 
reactor to 120 psi.About1.25><10_6 mole ofrac-Me2Si[2-Me 
4-Ph(Ind)]2ZrCl2 in toluene solution is then syringed into the 
reactor, under rapid stirring, to initiate the polymerization. 
Additional propylene is fed continuously into the reactor to 
maintain a constant pressure (120 psi) during the entire 
course of the polymerization. After a 15 minute reaction at 
30° C., the polymer solution is quenched With methanol. The 
resulting linear butylstyrene-terminated PP (V 111') polymer is 
Washed With tetrahydrofuran (THF), and then vacuum-dried 
at 50° C. About 23 g of butylstyrene-terminated PP (VIII') 
polymer is obtained With signi?cantly reduced polymer 
molecular Weight (MW:20,500 and Mn:9,300 g/mole), dis 
cussed in other examples. 

The in situ chain transfer to p-butylstyrene/hydrogen dur 
ing the metallocene-catalyzed polymerization of propylene is 
also evidenced by the comparative experiment that is carried 
out under the same reaction conditions except Without hydro 
gen. No polymer is formed in this reaction even after a long 
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reaction time, and a small amount of hydrogen dramatically 
increases catalyst activity, see also US. Pat. No. 6,479,600. 

EXAMPLE 4 

FIG. 2 shoWs molecular Weight distributions and Mark 
HouWink plots of three control polymers, including PP 
homopolymer and tWo control polymers (VII') and (VIII') 
(Examples 2 and 3), resembling main chain and side chains in 
LCBPP polymer (IV'), respectively. They are prepared by the 
same rac-Me2Si[2-Me-4-Ph(Ind)] 2ZrCl2/ MAO catalyst. The 
Mark-HouWink plots of controls are also compared With that 
of an industrial standard linear PP polymer. All plots shoW an 
overlap With the same slope and the same linear relationship 
from loW to high molecular Weight. As expected, the controls 
and standard are all linear polymers and the molecular Weight 
of main chain (V II') is several times higher than that of side 
chain (VIII'), due to chain transfer reaction. 

EXAMPLE 5 

Synthesis of LCBPP Using a rac-Me2Si[2-Me-4-Ph 
(Ind)]2ZrCl2/MAO Catalyst and a p-(3-Butenyl)sty 

rene/ Hydrogen “T” Reagent 

In a dry box, 50 ml oftoluene and 1.5 ml ofMAO (30 Wt % 
in toluene) are charged into a parr 450 ml stainless autoclave 
equipped With a mechanical stirrer. After removal from the 
box, the reactor is purged With hydrogen (6 psi) before inject 
ing 0.1 ml (0.012 M) of p-(3-butenyl)styrene. The reactor is 
then charged With 100 psi propylene to saturate the toluene 
solution at ambient temperature and to increase the total 
pressure in the reactor to 120 psi. About 1.25><10_6 mole of 
rac-Me2Si[2-Me-4-Ph(Ind)] 2ZrCl2 in toluene solution is then 
syringed into the reactor, under rapid stirring, to initiate the 
polymerization. Additional propylene is fed continuously 
into the reactor to maintain a constant pressure (120 psi) 
during the entire course of the polymerization. To minimize 
mass-transfer and to maintain the constant feed ratio, the 
polymerization is carried out With rapid mixing and a short 
reaction time. After a 3 minutes reaction time at 30° C., the 
polymer solution is quenched With methanol. The resulting 
LCBPP is Washed With tetrahydrofuran (THF), and then 
vacuum-dried at 50° C. Catalytic activity is 96,250 kg of 
PP/mol of Zr.h. The LCBPP polymer is analyzed by 1H NMR, 
by 13 C NMR, by Differential Scanning Calorimetry (DSC), 
and by Gel Permeation Chromatography With a series of 
detectors, including re?ection index, light scattering, and 
intrinsic viscosity (GPC-triple detectors). Measurements are 
made at 140° C. using 1,2,4-trichlorobenzene (TCB) as sol 
vent and mobile phase With a How rate of 0.7 mi/min. The 1H 
and 13C NMR studies are recorded on a Bruker AM-300 
spectrometer With DI SNMR softWare. The measurements are 
made at 110° C. using C2D2Cl4 as the solvent containing 1% 
TMS (Me4Si (6:0.00 ppm)) as an external standard. Differ 
ential Scanning Calorimetry (DSC) is measured on a Perkin 
Elmer DSC-7 instrument controller. The DSC curves are 
recorded in the second heating cycle With a heating rate of 20° 
C./min. 
An inventive LCB polymerization involving chain transfer 

reaction to pendant styrene units during the metallocene 
catalyzed polymerization of propylene is evidenced by com 
parison With tWo control reactions that are carried out under 
similar reaction conditions, using the same catalyst and pro 
pylene concentration, but Without p-(3-butenyl)styrene/hy 
drogen “T” reagent and With p-(3-butenyl)styrene but no 
hydrogen. The experimental results are compared in Table 1. 
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TABLE 1 

22 

Comparison of the experimental results in the rac—Me2Si[2—Me-4— 
Ph(Ind)]2ZrCl2/MAO catalyzed polymerization“ of propylene. 

BtSt BtSt 

BtStl7 Time Cat. in PP Conversion 

Sample (M) H2 (psi) (min) Activityl7 (mole %) (%) Tm (0 C.) 

1 0.012 6 3 96,250 0.67 ~100 158.3 

Control l-A 0.012 0 30 24 0.61 0.78 158.2 

Control l-B 0 0 3 93,000 i i 159.6 

“reaction conditions: 50 ml toluene, propylene (100 psi), [Zr] = 1.25 x 10’6 mol/l, [MAO]/ 
[Zr] = 3000, temperature = 300 C. 

bBtSt: p—(3—butenyl)styrene; catalyst activity = kg of PP/mol of catalyst - h. 

In control 1-A reaction With only p-(3 -butenyl)styrene alone, 
the polymerization is almost completely stopped. The intro 
duction of hydrogen (sample 1) restores the catalyst activity, 
similar to that of homopolymerization of propylene (Control 
1 -B). Hydrogen is clearly needed to complete the chain trans 
fer cycle during the rac-Me2Si[2-Me-4-Ph(1nd)]2ZrCl2-me 
diated propylene polymerization. 

EXAMPLE 6 

Synthesis of LCBPP Using a rac-Me2Si[2-Me-4-Ph 
(1nd)]2ZrCl2/MAO catalyst and a p-(3-Butenyl)sty 
rene/Hydrogen “T” ReagentiEffect of T Reagent 

Concentration 

Following similar procedures, described in Example 5, an 
experiment is conducted to evaluate the effect of p—(3—bute 
nyl)styrene concentration. The experiment is carried out 
using the same rac -Me2Si [2 -Me-4-Ph(1nd)] 2ZrCl2 
(1.25><10_6 mol/l) catalyst in toluene solution With [MAO]/ 
[Zr]:3000, propylene (100 psi), and hydrogen (6 psi), except 
doubling the concentration of p—(3—butenyl)styrene. The 
resulting LCBPP is subjected to the same structure analysis 
using 1H and 13C NMR, DSC, and GPC-triple detectors. A 
control reaction 2-A, Without hydrogen, is also carried out to 
compare the experimental results, a as shoWn in Table 2. 
Without hydrogen, there is no polymer formed even after 30 
minutes. On the other hand, the catalyst activity is almost the 
same as that of propylene homopolymerization With a small 
amount of hydrogen, and almost all of the p—(3—butenyl)sty 
rene molecules are incorporated into LCBPP structure With 
0.89 mol % of p-(3 -butenyl)styrene units. 

TABLE 2 
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EXAMPLES 7-10 

Synthesis of LCBPP Using a rac-Me2Si[2-Me-4-Ph 

(1nd)] 2ZrCl2/MAO catalyst and a p-(3-Butenyl)sty 
rene/ Hydrogen “T” ReagentiEffect of T Reagent 

and Hydrogen Concentrations 

In a series of examples, a systematic study is conducted to 
evaluate the effect of p-(3 -butenyl) styrene and hydrogen con 
centrations on the catalyst activity and p—(3—butenyl)styrene 
incorporation. Each experiment is carried out using the reac 
tion procedures and condition described in Example 5, i.e. 

rac-MeZSi[2-Me-4-Ph(1nd)]2ZrCl2 (1 25x10“6 mol/l) cata 
lyst in toluene solution With [MAO]/[Zr]:3000 and propy 
lene (100 psi). Hydrogen pres sure is adjusted according to the 
concentration of p-(3 -butenyl)styrene that is varied in each 
example, as indicated in Table 3. All four comparative reac 

tion sets shoW the essential role of hydrogen to complete the 
chain transfer reaction that produces an inventive LCB poly 

mer under speci?ed conditions. As the p—(3—butenyl)styrene 

concentration increases, an increased amount of hydrogen is 

needed to maintain high catalyst activity and p-(3-butenyl) 
styrene conversion. 

Comparison of the experimental results in the rac—Me2Si[2—Me-4— 
Ph(Ind)]2ZrCl2/MAO catalyzed polymerization“ of propylene. 

BtSt BtSt 

BtStl7 Time Cat. in PP Conversion 

Sample (M) H2 (psi) (min) Activityl7 (mole %) (%) Tm (0 C.) 

2 0.024 6 3 97,380 0.89 ~100 156.4 

Control 2-A 0.024 0 30 0 i i i 

“reaction conditions: 50 ml toluene, propylene (100 psi), [Zr] = 1.25 x 10’6 mol/l, [MAO]/ 
[Zr] = 3000, temperature = 300 C. 

bBtSt: p—(3—butenyl)styrene; catalyst activity = kg of PP/mol of catalyst - h. 
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TABLE 3 

A summary of LCBPP polymers prepared by rac-Me2Si[2-Me-4 
Ph(1nd)]2ZrCl2/MAO catalyst’ in the presence of 

propylene and p- (3-butenvl)stvrene/hvdrogen “T” reagent. 

BtSt BtSt 
Sam- BtStl7 H2 Time Cat. in PP Conversion Tm 
ple (M) (psi) (min) Activityl7 (mole %) (%) (O C.) 

3 0.06 20 3 99,208 1.06 98 156.1 
3-1 0.06 6 3 45,075 1.18 68 156.2 
4 0.12 35 30 43,317 1.17 64 153.8 
4-1 0.12 20 30 22,320 1.23 67 154.1 
4-11 0.12 6 30 10,017 1.52 48 153.3 
5 0.24 35 30 17,743 1.86 31 151.6 
5-1 0.24 20 30 13,500 2.07 30 152.1 
5-11 0.24 6 30 6,798 2.43 17 151.5 
6 0.36 35 30 7,789 2.51 6 145.9 
6-1 0.36 20 30 5,763 2.89 8 147.6 

“reaction conditions: [Zr] = 1.25 x 10’6 mol/l, [MAO]/[Zr] = 3000, 50 ml 
toluene, propylene (100 psi), temperature = 300 C. 
bBtSt: p-(3-butenyl)styrene; catalyst activity = kg of PP/mol of catalyst - h. 

EXAMPLES 1 1-13 

Synthesis of LCBPP Using a rac-Me2Si[2-Me-4-Ph 
(1nd)]2ZrCl2/MAO catalyst and a p-(3-Butenyl)sty 
rene/ Hydrogen “T” Reagent-Effect of Catalyst 

Following similar procedures, described in Example 5, a 
series of examples are conducted to evaluate the effect of 
catalyst on LCB structure. The experiment is carried out 

using rac-Me2Si[2-Me-1nd]2ZrCl2 (1 25x10“6 mol/l) catalyst 
in toluene solution with [MAO]/[Zr]:3000, propylene (100 
psi), and varying the concentration of p-(3-butenyl)styrene. 
Hydrogen pressure is adjusted to achieve highest catalyst 
activity. Three samples (7, 8 and 9) are obtained by using 1, 3, 
and 5 ml of p-(3 -butenyl)styrene, respectively, and their struc 
tures are subjected to the same analysis using 1H and 13C 
NMR, DSC, and GPC-triple detectors. A control reaction 
2-A, without hydrogen, is also carried out to compare with 
experimental results, as shown in Table 2. Without hydrogen, 
there is no polymer formed even after 30 minutes. On the 
other hand, the catalyst activity is almost the same as that of 
propylene homopolymerization with a small amount of 
hydrogen, and almost of all p-(3-butenyl)styrene molecules 
are incorporated into LCBPP structure with 0.89 mol % of 
p-(3-butenyl)styrene units. 

EXAMPLE 14 

Analysis of LCB Structure by NMR Technique 

All polymer samples are analyzed by 1H NMR technique 
to determine the content of “T” reagent and its incorporation 
modes in the resulting LCBPP polymer (1V'). A typical 1H 
NMR spectrum of Sample 3 is shown in FIG. 1. Polymers are 
analyzed by 1H NMR technique to determine the content of 
“T” reagent in the resulting LCBPP polymer (1V') and its 
incorporation modes. FIG. 1 shows a typical 1H NMR spec 
trum of a LCBPP polymer (Sample 3), prepared by rac-Me2Si 
[2-Me-4-Ph(1nd)]2ZrCl2/MAO catalyst, and peak assign 
ments for the incorporated p-(3 -butenyl)styrene “T” units. By 
comparing LCBPP (1V') with two control polymers (V 11') and 
(V111'), all the chemical shifts associated with the correspond 
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ing protons can be quantitatively determined. They are from 
three possible structures 1, 2, and 3, resulting from copoly 
merization, chain transfer, and both reactions, respectively. In 
addition to three major proton chemical shifts (6:0.95, 1.35, 
and 1.65 ppm) corresponding to CH3, CH2, and CH groups in 
the PP main and side chains, there are several minor chemical 
shifts between 2 and 8 ppm, which correspond to the incor 
porated “T” units in LCBPP polymers (1V'). Detailed experi 
mental results for LCBPP polymers (Samples 1-6) are sum 
marized in Table 4. 

TABLE 4 

Structures of p(3-butenyl)styrene “T” units in 
the LCBPP Polvmers. 

Sam- BtSt in PP BtSt incorporation mode (%) 

ple (mole %) Structure 1 Structure 2 Structure 3 Tm (0 C.) 

1 0.67 42.3 n.d. 57.7 158.3 
2 0.89 46.5 n.d. 53.5 156.4 
3 1.06 46.8 n.d. 53.2 156.1 
4 1.17 46.8 1.9 51.3 153.8 
5 1.86 47.2 3.6 49.2 151.6 
6 2.51 46.9 4.8 48.3 145.9 

*BtSt: p-(3-butenyl)styrene; 
n.d.: not detectable 

An extremely low concentration of structure 2 in each 
product is observed, indicating a low percentage of direct 
chain transfer reaction to “T” reagent. Most of “T” reagents 
?rstly involve copolymerization with propylene to form PP 
main chain that contains several “T” units (11'), and then more 
than half of the incorporated “T” units also engage in chain 
transfer reaction with some propagating PP chains (111') to 
form LCBPP product (1V'). Based on the content of the incor 
porated “T” units and their percentage conversion to LCB 
structures (Structure 3), we can estimate the average branch 
density in each LCBPP sample, which is between 2 and 6 per 
10000 C. in main and side chains and is proportional to the 
concentration of “T” reagent used during the polymerization. 
Melting temperature (Tm) of LCBPP samples also indicates 
the branching structure-Tm decreases with the increase of 
branch density. 

EXAMPLE 15 

Analysis of LCB Structure by GPC-Triple Detectors 

All resulting polymers, including LCBPP polymers and 
linear PP polymers obtained from control reactions, are sub 
jected to gel permeation chromatography with three detectors 
(re?ection index, light scattering, and intrinsic viscosity) 
(GPC-triple detectors) to determine LCB molecular struc 
ture. This methodology provides a precise polymer molecular 
weight and molecular weight distribution, as well as Mark 
Houwink plot, that is, a log-log plot of intrinsic viscosity vs. 
molecular weight. The linear polymer is expected to have a 
linear relationship, and the deviation from linear line (with 
reduced intrinsic viscosity) is a clear indication of LCB struc 
ture. FIGS. 3 and 4 show two sets of molecular weight distri 
butions for nine comparative LCBPP samples (Samples 1, 2, 
3, 6 and 7-9) prepared by rac-Me2Si[2-Me-4-Ph(1nd)]2ZrCl2/ 
MAO and rac-MeZSi[2-Me-1nd]2ZrCl2, respectively, in the 
presence of various p-(3 -butenyl) styrene concentrations. The 
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polymer’s molecular Weight increased With the increase of 
p-(3-butenyl)styrene concentration, Which clearly indicates 
the increase of branch density. The overall results are consis 
tent With the NMR results that shoW the exact branch densi 

ties. It is interesting to note that the polymer’s molecular 
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TABLE 5 

Comparison of the experimental results in the 
rac-Me2Si[2-Me—4—Ph(Ind)]2ZiCl2/MAO 

catalyzed polymerization“ of propylene at 55° C. 

Weight distribution stayed relatively narroW (MW/Mn:~2), Cat BtSt BtSt 
indicating a single site copolymerization With a clean chain Sam- H2 Activityb in PP Tm Mm 

transfer reaetleh- ple (psi) Kg/moi -ii. mol % O c. SL111 1 sm 2 SL111 3 

FIG. 5 compares Mark-HouWink plots ofan LCBPP poly- 10 10 1 350 000 0 16 152 55 0 n d C 45 0 

mer (Sample 5) and three control linear polymers. In the 11 3 320,000 0.14 152 55.0 lid. 45.0 

LCBPP case, a clear deviation from linear relationship, espe 1(5) 328,888 8'12 2;‘; Eg- if; 
cially high molecular Weight region, clearly con?rms the 14 15 260:000 0:13 15; 56:7 njdj 43:3 
LCB structure. 15 I I I I 

“reaction conditions: 50 ml toluene, propylene (100 psi), [BuSt] = 0.012 
mol/L, [Zr] = 2.2 x 10’6 mol/L and [AH/[Zr] = 25000; reaction temperature: 

EXAMPLES 16-20 55° C. and reaction time: 15 minutes. 
bcatalyst activity = kg of PP/mol of catalyst - h. 

Synthesis of LCBPP Using a rac-Me2Si[2-Me-4-Ph Hid" non timetable 

(lnd)]2ZrCl2/MAO catalyst and a p-(3-Butenyl)sty- 20 EXAMPLES 21_28 
rene/ Hydrogen “T” ReagentiEffect of Reaction 

Temperature Synthesis of LCBPP Using a Cl-Symmetric Me2Si 
(2-Me-Benz[e]lnd(2-Me-4-Ph-4HAzu)HfCl2/MAO 

A series of LCBPP samples are prepared under higher 25 Catalyst and a p-(3-Buteny1)styrene/Hydrogen “T” 
reaction temperature. In a typical example (sample 10 in Reagent 
Table 5), 50 ml of toluene and 2.2 ml of MAO (10 Wt % in 
toluene) are charged into a Parr 450 ml stainless autoclave A Series of LCBPP eamples With high meltthg tempera‘ 
equipped With a mechanical stirrer in an argon-?lled dry box. tures are Prepared by usmg cl'symmetr 1C Me2S1(2'Me'BIenZ 
After removal from the box, the reactor is purged With hydro- 30 [e]Ind(2'Me'4'Ph'4HAZu)HfC12/MAO Catalyst‘ In a typlcal 
gen (1 psi) before injecting 01 H11 (0012 M) Ofp_(3_buteny1) example (sample 20 in Table 6), 50 ml oftoluene and 1.5 ml 

- - - of MAO (10 Wt % in toluene) are charged into a Parr 450 ml 
styrene (BtSt). The reactor is then charged With 100 psi pro- . 1 1 . d .th h . 1 I. . 

pylene to saturate the toluene solution at ambient temperature ztalélnefisisnigtgc aggxe?lig?envrévafflrgii t?glgzxs t?errelllétaori 
and to increase the total pressure in the reactor to 1016psi. 35 isrginjected W31 0 1' m1 (0 013 M) of p_(3_butényl)styrene 
RaC'M_e2_S1[2 'Me'4'phandn2zrc 12 In toluene Q'ZXIQ _ _M) (BtSt). The reactor is then charged With 100 psi propylene to 
is then inJected into the reactor, underrapid stirring, to initiate saturate the toluene Solution at ambient temperatureI Mezsi 
the polymerization. Additional propylene is fed continuously (2_Me_B enZ[e]Ind(2_Me_ 4_Ph_ 4H AZu)HfC12 in toluene 
into the reactor to maintain a constant pressure (101 psi) (2X10—5 M) is then injected into the reactor, under rapid 
during the entire Course of the Polymerization To minimize 40 stirring, to initiate the polymerization. Additional propylene 
mass-transfer and to maintain the eehstaht feed ratio, the is fed continuously into the reactor to maintain a constant 
polymerization is carried out With rapid mixing and a short pressure (100 psi) during the entire Course Ofthe polymerize‘ 
reaction time. After 15 minutes at 550 C., the polymer solu- tion After 15 minutes at 55° C,’ the polymer solution is 
tion is quenched With methanol. The resulting LCBPP poly- quenched With methanol. The resulting LCBPP polymer is 
mer is Washed With tetrahydrofuran (THF), and then vacuum- 45 Washed With tetrahydrofuran (THF), and then vacuum-dried 
dried at 50° C. Catalytic activity is 350,000 kg of PP/mol of at 50° C. Catalytic activity is 18,000 kg of PP/mol of Hf.h. 
Zr.h. The LCBPP polymer is analyzed by 1H NMR, 13 C The LCBPP polymer is analyzed by 1H NMR, 13 C NMR, 
NMR, DSC, and GPC-triple detectors. Table 5 summarizes DSC, and GPC-triple detectors. Table 6 summarizes the 
the preparation of ?ve LCBPP samples undervarious reaction preparation of ?ve LCBPP samples under various reaction 
conditions. conditions. 

TABLE 6 

Synthesis ofLCBPP polymers Using Cl—symmetric 
Me2Si(2-Me—Benz[e]Ind(2— 

Me—4—Ph—4HAzu)HfCl2/MAO catalyst. 

Reaction 

conditions” Free Branch 

H2 time Cat. Activityl7 BtSt in PP Tm Styrene Point 
Sample [BtSt] M psi min. Kgmol/hr Mol % ° C. mol % mol % 

15 0 0 15 19,700 0 150 0 0 

16 0.006 10 15 8,600 0.10 148 0.07 0.03 

17 0.013 10 15 8,400 0.18 147 0.13 0.05 

18 0.019 10 15 5,000 0.34 145 0.24 0.10 










